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Magnetoresistive Co/Cu multilayers: Hysteresis, polycrystallinity,
and irreversible changes on magnetization
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Magnetoresistive metal multilayers are known to undergo an irreversible decrease in the maximum
value of their field-dependent resistance after exposure to a magnetic field. An explanation for this
effect in terms of the creation of antiphase domain boundaries is considered and rejected on the
basis of experimental tests that point instead to a strong correlation of irreversible loss of resistance
with magnetoresistive hysteresis. The main features of the phenomenon are reproduced by a model
that treats polycrystalline multilayers as assemblies of grains with random orientations of magnetic
easy axes. The key feature of the model is that for each individual grain the magnetic state
corresponds to an energy minimum that may be only local, rather than global. Trapping in local
energy minima accounts for both magnetoresistive hysteresis and incomplete antiferromagnetic
order at the maximum resistance that is attained after cycling. The model explains experimental
observations, such as the relatively small hysteresis and resistance loss at the first antiferromagnetic
maximum. It also predicts a strong Co-thickness dependence of the resistance loss in Co/Cu
multilayers at the second antiferromagnetic maximum that is verified with experimental data for
Co/Cu multilayers. ©1998 American Institute of Physids$S0021-897¢8)03105-3

I. INTRODUCTION We find that the model accounts for a failure to attain perfect
AF order, and hence the maximum possible resistance, after
Multilayers (MLs) that alternate ferromagnetic and non- exposure to a magnetic field. Our calculations and experi-
ferromagnetic metals have been widely studied for their gimental data relate specifically to Co/Cu MLs, but our model
ant magnetoresistive properties. One of these properties thaks general applicability to giant magnetoresistive MLs.
has been poorly understood is an irreversible decrease in the After describing our model for irreversible loss of maxi-
maximum value of the field-dependent resistance that is obmum resistance, we consider its implications for the proper-
served after an as-grown specimen has been subjected taigs of magnetoresistive MLs. In particular, we compare its
magnetic field that is sufficient to cause saturatichThis  predictions with experimental results for Co/Cu MLs with
phenomenon has been observed with both the currentarying Co thicknesses at the first, second, and higher AFMs
perpendicular-to-plane geometry and the more commofi.e., with Cu separator thicknesses of approximately 9, 20,
current-in-plane geometryAll of the measurements that we 30,... A).
describe later used the latter geometihe effect is signifi-

cant at the second antiferromagnetic maxim@é®&M) of the
Co/Cu system, but is apparently much smaller at the first- SOME PRELIMINARY EXPERIMENTS TO TEST AN

AFM (Ref. 2, Fig. 3. It has also been seen in uncoupledADB MODEL

Co/Ag MLs. Figure 1a) is a schematic resistance/magnetic field
We first consider a possible explanation in terms of an{R/H) plot that illustrates the concept of an earlier attempt at
tiphase domain boundarig&DBs), whose occurrence has explanation that we based on ADBs. The as-grown ML is
been postulated previoushand then describe some experi- postulated to have perfect AF order at point A, as shown in
ments that make implausible such a model for a decrease e inset. With application of a magnetic field that is suffi-
the maximum resistance. Other preliminary experiments incient to give saturation, the ML reaches point B where it has
dicate a strong correlation between irreversible resistanceomplete ferromagnetigF) order. With subsequent decrease
loss and magnetoresistive hysteresis. From here we go on & the applied magnetic field back to zero, nucleation of AF
consider the nature of magnetoresistive hysteresis in antifegrder can occur independently at different depths in the ML,
romagnetically (AF)-coupled MLs. The approach that we as shown at point C. This can occur with “mistakes” in the
take is related to that described by FolkBeiad Folkerts and phases of the AF-ordered regions so that their eventual
Purcell for algebraic treatments of specific orientations of coalescence gives rise to ADBs that persist at zero
the magnetic easy axis in single-crystal coupled bilayers, budpplied field, as shown at D. Thus, the resistance that is
here we use numerical methods to treat a polycrystalline asttained at point D after magnetic cycling is lower than
sembly of ML grains that have randomly oriented easy axeshe as-grown value at point A because the AF order is

incomplete.
aElectronic mail: hhollowa@ford.com In this initial approach.to the'problem pf understanding
YElectronic mail: dknbinsk@ford.com the irreversible decrease in maximum resistance after mag-
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FIG. 2. Magnetoresistances at 300 K of specimens that were prepared to test
H the antiphase domain boundary hypotheéi#. Conventional,[ Co(13 A)/

o ) o ) _Cu(20 A)],. (b) Alternating thicker and thinner C¢Co(25 A)/Cu20 A/

FIG. 1. Schematic illustration of the possible influence of antiphase doma|rt0(5 A)ICu20]50. (c) Very thin Co,[ Co(3 A)/Cu(20 A)],. (d) Codeposit
boundaries.(a) A conventional Co/Cu multilayer(b) A multilayer with of Co and Cu[Co(5 A)+Cu(4 A)/Cu20 A)],,.

alternating thick and thin Co layers.

] ) . made exceptionally thin to reduce their hystergsifie ob-
netic cycling we were attracted by an idea that seemed promsepyed decrease in maximum resistance after cycling in the
ising for avoiding this change and, thereby, also avoiding they,q cases is quite similar: It is evident that our attempt to
resultant loss of magnetoresistance after magnetic cyclingynibit ADB formation has had no appreciable influence on
The complete failure of this approach was instructive in castiye |0ss of resistance after cycling.
ing substantial doubt on the validity of the ADB model and The preceding comparison seems to demolish the at-
in redirecting our search for an alternative explanation. FOfemnt 1o explain irreversible resistance loss as a consequence
these reasons, we give a brief account of the preliminaryt Apg formation. Two further results suggested an alterna-
experiments before continuing to a description of our new;ye approach. First, Fig.(2) shows the results of cycling a
and more successful model. . _ specimen with very thin Co layers. We have previously

In a previous _artlclé, we dgscnbed the properties of gegcribed the low-hysteresis properties of such MLs. Here
Co/Cu MLs in which consecutive Co layers alternate bethe decrease in resistance that occurs on cycling is greatly
tween two thicknesses. An essential feature of such MLS igeqyced from that of the conventional specimen in Fig).2
that their thicker layers remain pinned by the applied fieldp gimilar reduction was observed with an ML which had the
after its magnitude has been reduced sufficiently for the mag- layers replaced by codeposited Co-{Eig. 2(d)] where
netization dirgction of Fhei.r thinner Iaygrs t(_) be. rotated byagain there is reduced magnetoresistive hystet&sThis
the AF coupling to point in the opposite direction. In the correjation between magnetoresistive hysteresis and the re-
context of the present problem, we reasoned that, even fction of magnetoresistance after magnetic cycling
nucleation of AF order were to occur independently at dif'prompted us to seek a common origin for these phenomena.
ferent heights in the ML stack, the pinning of the magneti-This is described in the following sections.
zations of the thicker layers in the field direction would fix
the phase of the AF domains, as shown at C of F{),lso
that their subsequent coalescence would occur without ADB,, A MODEL FOR RESISTANCE LOSS
formation, whence we should eventually return to the fully
AF-ordered state at A of Fig.(). We start by considering the energy of an infinite stack of

Figure 2a) shows the resistance/fie{/H) characteris- Co/Cu bilayers that have a single crystallographic orientation
tic of a conventional Co/Cu ML compared with that of an and a common easy axis that lies in the film plane. The
ML with alternating thicker and thinner Co layers shown in direction of an applied magnetic field is taken to be the
Fig. 2(b). (For the present work both the thicker and theaxis and it is assumed that the magnetization directions of
thinner Co layers had thicknesses in the conventional rangéhe Co layers alternate between two valugsand 6., rela-
unlike our previous study where the thinner layers weretive to this axis.(This condition is relaxed later, when we
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consider a finite stack of bilayejsThe energy per unit area (a) H=-100 Oe
of a Co/Cu/Co/Cu unit in an applied field is then T80y Z

E=—mtcH cos 6;+Kate, SINP(6,— @)
—MtgoH €OS By +Katco SINP( 65— )
+2J,4 cog6,— 0,), (D)

wherem is the saturation magnetization of Co layers with a
thicknesst,, Kk is an anisotropy constafitigher orders of
sir(6— ¢) are neglectell ¢ is the angle between the easy
axis and thes axis, andl is the AF coupling constan{We
do not include a contribution from biquadratic coupling, 180
which seems to be insignificant in sputtered Co/Cu M)s.
This expression is similar to one given by Folkérsr an 90
AF-coupled bilayer, but differs principally by a factor of 2 in
the last term because, with the infinite stack, each Co layer is
coupled to two other Co layers, rather than one.

We make use of an AF-order parameter that is defined

by N
180- ‘
AF(H)= 3 (1—cog 6;— 65)), 2 7180 .90 0 90 180

with maximum valueAF,,,,. The field-dependent magne- (c) H=100 Oe
toresistance is defined by

R(H) - Rqy
MR(H)z%ﬂ 3

-180+
-180

0 90 180
b)H=0

-90

with the maximum valueM R, whereR(H) is the field-
dependent resistance aml, is the limiting value of the 90
resistance that is attained at large applied magnetic fields.
We shall also make use of a normalized magnetoresistance,

-180
for which AF(H) is a convenient surrogate, -180  -90 0 90 180
(d) H =200 Oe
MR*(H):R(H)_Rsat @)
Ro— Rsat ,

with maximum valueMR?..., whereRy is the resistance of
the as-grown ML. Also, for convenience, we use the short-
handAR,.xandAM R, to represent the fractional losses in
maximum resistance and maximum magnetoresistance that
occur irreversibly with magnetic saturation.

In applying Eq.(1) we make some assumptions about
the anisotropy. First, we assume that the crystal anisotropy is -18_C1)80 a0 90 | 180
not strong enough to force the magnetization vector out of
the film plane. Second, we assume uniaxial anisotropy with o
FIG. 3. Energy surfaces for an infinite stack of Co/Cu layers at the second

an easy axis that arises from projection of the closest CrySAFM with various values of the applied magnetic field. The coordingies

tallographic easy axis Or_‘to the film plane. Thug, the 'Sineand 6, are the magnetization angles of alternate Co layers relative to the
squared function of Eq1) is clearly an approximation. This field direction and lighter shades correspond to lower energies. The calcu-

is somewhat justified by our observation that the calculationdtion takes m=1300 emu/cr  Jo—0.006 erg/crfy  and k,=2x10°
give similar results with the assumptions of twofold or three-erg/en, with ¢=45°.
fold symmetry, although with different values of the anisot-
ropy constant.

Figure 3 shows energy contouis(6,,6,), for a Co/Cu tions. We assume that the system can become trapped in a
ML at the second AFM with four values df. For illustra-  local energy minimum, no matter how shalldie., we ne-
tive purposes, we have choseér=45°. This is equivalent to glect thermal activation
one of the cases that was treated algebraically by Folkerts, Consider first the case witd =0 [Fig. 3(b)]. We postu-
but a detailed examination of this energy surface facilitatesate that an as-grown ML has the perfect AF order that cor-
subsequent discussion by illuminating a sequence of statessponds to its lowest energy state. Thus, it will occupy one
that is qualitatively characteristic of all easy-axis orienta-of the two equivalent global minima that are labeled A, in
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which alternating Co layers have their magnetization vectors 1.0 T N—C kaéo

at 45° and 135°, respectively. These correspond simulta- 0.9 1 1X105 erglcm3 |
neously to AF ordering and to magnetizations along the easy 0.8 - - 2%105

axes. With an increase of the applied field to 100 [Big. 0.7 3x10°

3(c)] the minima at A shift, but the system that is trapped in 0.6 -

them remains approximately AF-ordered. However, at 200 "<'E 0.5

Oe [Fig. 3(d)], the minima at A have disappeared and the 04 1

system has fallen into the F-ordered minimum at B. Here the 0.3 1

two magnetization angles become equal and adopt a field- 02 1

dependent compromise betweesn 45° that satisfies the an- 01 1

isotropy andf=0 that satisfies the interaction with the ap- 0.0 VA V= —
plied field. It is this transition between the minima at A and -500 -400 -300 -200 100 O 100 200 300 400 500
B that gives the irreversible change that is associated with H (Oe)

cycling. If we now decrease the applied field back to zero, . 4 Inf  the anisot want on the antif ic ord
. . . . . 4. Influence o € anisotropy constant on the antirerromagnetic order

the system rema_ms trapped in Fhe minimum at B that persis arameter of infinite stacks of Co/Cu layers at the second AFM after cy-
throughH=0 [Fig. 3(b)], but disappears byl~—100 Oe cling. The applied magnetic field is swept from positive to negative values
[Fig. 3(@)] when the system has fallen back into the one ofand we takem=1300 emu/crf} tc,=tc,=20 A, andJ,=0.006 erg/crh
the approximately AF-ordered minima at A. With further
increase in the reverse field, the minima at A eventually dis- o
appear when the system falls into another F-ordered state K9 the movements of the minima of the energy surface that
C, where the two angles adopt a field-dependent compromidé deﬂneo! by Eq(1) as the applied magnetic field is changed
betweend=135° that satisfies the anisotropy afie-180° Py small incrementstypically 1 O8. We use a steepest de-
that satisfies the interaction with the applied field. Hysteresi§cent numerical technique with care taken to avoid getting
is manifested in the negative offset from zero applied field of?Ung up when a local minimum turns into a saddle point.
the return to the approximately AF-ordered state after subJhe results are summed over all easy-axis directions with a
jection to large enough positive fields. resolution of 1°. Typical results for an infinite stack of Co/Cu

Note that, when the applied field is swept between exbilayers at the second AFM are shown in Fig. 4, which com-
treme values, the system only occupies the minima at A aPares theAF/H curves calculated with zero and increasing
nonzero values of the field. This implies that there will al- @nisotropy when the applied field is reversed from large posi-
ways be a compromise between satisfying the AF coupliné've values, where the ML has F order. These results show

and satisfying the interaction with the magnetic field. Forduite clearly a decrease BfF, as increasing values of the

this reason, the ordering is only approximately AF and the2niSotropy constant displace tée~/H peak from zero ap-

resulting resistance after magnetic saturation is always legdi€d field. This confirms our speculation of a correlation
than that of the as-grown sample. This accounts for much JPEWeeN magnetoresistive hysteresis _A'Rinax-.

AR,... (We should emphasize that here the AF ordering is e note that in Fig. 4 the curve wit, =0 is close to a

imperfect in the sense that the angtgsand 8, do not differ parabolic form that would be expected theoretically. For this

by 180°, rather than because the system has randomness, @€ in Ei(l) Wiih approximate AF ord_er we have, by sym-
was the case with the attempted explanation in terms of €Y. 61=—0,=¢ and settingdE/d¢=0 for an infinite

ADBs.) ML at equilibrium, we obtain
We must also allow for the fact that most Co/Cu MLs mtcH
(including our own are made by sputtering and range in ~ €0S6= 43, " ®

structure from randomly-oriented polycrystalline to posses- . o L

sion of some degree of fiber textur@he MLs that were and, since in this case\Ryag* 2(1-cos %),
used for the measurements that we describe later were poly- MteH | 2

crystalline and randomly orientédThe individual grains of R— Rsatf‘l—( 23 )

the polycrystalline MLs will then have easy axes that are af
randomly oriented. This gives rise to a variation in the fieldsAt saturationg=0 and we obtain a result that has been de-
at which the individual grains of a cycled ML pass throughtived previously'® i.e.,
the approximately AF-ordered state. This asynchrony in re-

. . . . thoHsat
sponse to the field gives a further decrease in the maximum Jasz.
values of theaverageAF order and hence of the maximum
resistance of the polycrystalline ensemble. Taking m=1300 emu/cr for fcc Co, J,~=0.006 erg/crfy

Consider a randomly-oriented polycrystalline ML eachand tc,=20 A, the curve obtained by tracking the energy
of whose individual grains maintains epitaxial order from minima givesAF—0 atH=92 to 93 Oe in excellent agree-
layer to layer. We apply a simple model in which the AF ment with the exact calculation from E¢7), which gives
order is averaged over all easy-axis orientations of the graingi ;= 92.3 Oe. This provides a useful verification of our nu-
Consideration of the end effects due to a finite number ofnerical minimum-tracking procedure.
repeat units in the ML is deferred until later. Thermal acti- Figure 4 illustrates an important point that bears on the
vation is also neglected. The calculations are made by trackisual derivation of the coupling constant from the saturation

(6)

)
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field via Eq. (7). When anisotropy is introduced, the/H 1.0

peak at first narrows and similar behavior is to be expected infinite stack
from the R/H peak. This can introduce an error into the 0.8 |

value that is deduced for the coupling constant because Eq .

(7) is no longer valid when anisotropy is significant. 06 20 bilayers

We have yet to justify our use of the average AF order
parameter as a surrogate for the magnetoresistance. It ha<
already been established theoretically and experimentally 0.4
that this is appropriate for a singly-oriented M**and there
is experime_ntal evidence that a similar relationship holds for 02 |
polycrystalline sputtered MLY™1" The problem that re-
mains is to show why this is a reasonable approximation for
a polycrystalline ML when the differently oriented grains are ' ' ' '
at different stages in the transition between maximum and -500 -400 -300 -200 -100 0
minimum resistance. We note that the resistivity of the poly- H (Oe)
crystalline ML must be bounded by two extreme values.gig. 5. Influence of a finite20 bilaye) Co/Cu stack on the AF order
These correspond to the combination of the individual grairparameter when the field is swept from positive to negative values after
resistivities in series and in parallel, respectively. Of thesgycling. We take m=1300 emu/crhy tco=tc,=20A, and J,=0.006
two cases, the series combination corresponds exactly to taR'9/c™:
ing the arithmetic average of the resistivities and hence of the

AF order. It is easy to show that the alternative parallel com- . . L .
o o . o stack that is introduced by its termination will propagate to
bination will differ from the series combination only by

terms of second or higher order in the resistances. the neighboring layers. Such a situation has been considered

. by Mattheiset al® but only for a case in which there is no
For a more formal approach to the same conclusion, we

note that Rossitéf gives a result for the conductivity;*, of n-plane anisotropy. In the general case with in-plane anisot-
. . L ropy and a finite ML withN bilayers, we must modify Eq.
a random assembly of cylinders with conductivities, o5

and volume fractiong,, v, when the current is perpendicu- (1) to obtain a total energy per unit area
lar to the cylinder axes. This is a reasonable description of
the in-plane conductivity of a polycrystalline sputtered film, E=— 21 MicH cos 6+ 21 Katco SIM(6;— ¢)
which would be expected to exhibit a columnar growth habit. = =

0.0

N N

Rossiter’s result is then N-1
. . + 2 Jar COL 6, — 6,4 1). (11)
o,— 0O g,— 0 =1
V1 T o* Vo T o* :Oa (8) E .. . . .
o1To om0 Solution for the local minima of thi®-dimensional energy

which is expected to be a fair approximation when the conSurface is then effected by steepest descents in the same way
ductivities of the components do not differ greatly. For theas for the two-dimensional case. Once more we need to sum
special case when the volume fractions are equal this givedver all easy-axis orientations of a polycrystalline assembly
the result that the resulting resistivity is simply the geometricof grains. We must also extend our definition of the AF order
mean of that of the components, i.p* = \/p,p,. By induc-  Parameter to average over all pairs of adjacent Co layers.
tion, this may be extended to our case with a large number of g N2
randomly arranged grain orientations that are present in  AF=——— > 3[1-cog6;—6;.,)]. (12
equal volumes. Simply replace component 1 with an equal N=1/=
mixture of components 3 and 4 and replace component 2 An example of the influence of finite size is shown in
with an equal mixture of components 5 and 6. Repetition 0fF|g 5. In general, the peak in teF/H curve is reduced in
this process and substitution into the definition of magnetoreheight and this effect remains substantial with as many as 20
sistance gives bilayers. The further reduction iAF,,,, that occurs here is a
(1+MR*)"=(1+MR;)(1+MRy)---(1+MR,), (9) consequence of the reduction of the average strength pf the
] . ) AF coupling due to the end effects. This enhances the influ-
whence, to first order in the magnetoresistances, ence of anisotropy.
MR*=MR=M Rmaﬁ- (10) _ Figure 6 shqv_vs the effect of increasing_a_nisotropy_ on the
height and position of the AF peak for finite, 20 bilayer,
IV. REEINEMENT OF THE MODEL FOR A EINITE Co/Cu MLs gt t.h_e second AFM. The results follow the same
STACK trend as for infinite stacks, but with somewhat reduced peak
heights. For these calculations and those that follow we have
Now we consider the consequences of having a finitetaken a value of the saturation magnetization for fcc Co,
rather than an infinite, stack of bilayers. Clearly, the outer+ather than the hcp phase that constitutes the bulk material at
most ferromagnetic layers differ by being AF-coupled on300 K. Magnetic resonance measurem@rftshave shown
only one side and their magnetization angles will reflect thisthat the fcc Co phase is the major component in our multi-
Moreover, the perturbation of the outer layers of the finitelayers. We have chosen the valoe= 1300 emu/cri from a
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terns of typical MLs, taken in transmission, showed no arc-

10 Ka=0 ing on tilting, which indicated an absence of significant
s s texturing?
i 1X10° erglcm” | . .
0.8 2%10° For convenience, we summarize the postulates of the
3X10° model as follows:
" 0.6 1 I (i) The grains of an as-grown polycrystalline ML have
< perfect AF order, corresponding to the state of lowest
0.4 - r energy.
(i)  The polycrystalline grains have in-plane magnetic an-
0.2 - 1 isotropy.
(i) The system can become trapped in local energy
0.0 I minima. (This assumes that thermal activation is neg-
-500 -400 -300 -200 <100 O 100 200 300 400 500 _ ligible.) o
H (Oe) (iv)  We include the end effects that occur with finite ML

stacks.(Typically comprised of 20 Co/Cu bilayeys.

FIG. 6. Influence of the anisotropy constant on the antiferromagnetic orde(v) Intergrain magnetostatic interactions are neglected.
parameter of 20-bilayer stacks of Co/Cu at the second AFM after cycling.

The applied magnetic field is swept from positive to negative values and w&\/e shall treat the anisotropy constant and the antiferromag-
takem=1300 emu/cr tco=tc,=20 A, andJ.=0.006 erglcrh netic coupling constant as adjustable parameters and subse-
quently consider the reasonableness of the values that we

published survey of the literatuf8 although there is signifi- °Ptain-

cant uncertainty and the experimental work in Ref. 22 sug-

gests a somewhat smaller value. However: the differencg, -o/cu MLs AT THE SECOND AEM

from the value for hcp Cdm~ 1400 emu/cri in the tem-

perature range of intergsdoes not greatly affect the results. Our Co/Cu MLs exhibit a significant decreaseNiR 4
Figure 7 shows that, with a particular value of the an-whentc, is made larger than about 15 A and we have been

isotropy constant, the peak in thé=~/H curve decreases with informed of a similar result elsewhef&Also, Shukhet al?®

decrease of the AF coupling constant while its position re-have reported decreasing Ry, for tc, larger than 10 A.

mains approximately constant. The influence of Co thicknesSuch results are quite strikingly different from those at the

on the peak height is considered later in Sec. VI. first AFM?® where MR,,,x decreases only slowly and ap-
proximately linearly asc, is increased in the range 5-50 A.
V. APPLICATION OF THE MODEL TO Co/Cu MLs As we shall demonstrate, the decreaseMiR,,,, with in-

. ) ] _creasing ¢, at the second AFM is mostly due to an increase
We continue by using our model to discuss the experijn AR .

mentally determined properties of Co/Cu MLs. These were  From Egs.(1) and (11) it is evident that the effects of

grown by dc magnetron sputtering onto oxidized Si sub-gpisotropy are enhanced by increasekgit,/J,. On going

strates with 75 A Ru buffer layers using techniques that havgom the first to the second AFMJ decreases approxi-

been fully described elsewhete’ Electron diffraction pat- mately fourfold. This is consistent with the observed in-
creases at the second AFM of magnetoresistive hysteresis
and of AR, relative to the first AFM. From this one might

1.0 : . : ‘ expect that, once hysteresis becomes significant, increasing
Jaf = 0.012 erglcmz\ tco would give larger values dkR,,,, provided thak, does
0g | 0010 I not vary greatly withtc,. This would be expected to con-
tribute to the observed drop IMR,,... The experimental
0.6 | data in Fig. 8 show that this is indeed the cas®R,,,, at
w 300 K increases from-10% attc,=10 A to ~50% attc,
< =20 A, while the as-grown value d¥l R, remains in the
04 1 range 21%—26%lf spin-dependent scattering occurs mostly
at the Co/Cu interface€;?®the magnetoresistance of the as-
0.2 - grown samples would be expected to decrease only linearly
with the sum of the Co and Cu thicknesgeBhese results
0.0 = : , . . are typical of many specimens that give a usual range of
-500 -400 -300 -200 -100 0 variation of only a few % inMR,5x @S grown.

H (Oe) Figure 9 compares typical experimental values of
MR* (H) for Co/Cu MLs at the second AFM with calculated
FIG. 7. Influence of the antiferromagnetic coupling constant on the antiferyg]yes ofAF(H). In choosing the parameters for tAd/H
romagnetic order parameter of 20-bilayer stacks of Co/Cu at the secon . P i
AFM after cycling. The applied magnetic field is swept from positive to gurves we have first selected a VaIUEKthO gIVQ apprOXI
negative values and we take=1300 emu/cr te,=to,=20 A, andk, mately the correct peak offset from zero applied field and

=2X10° erglent. then adjusted j to approximately fit the peak heights.
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FIG. 9. Experimental values of tHd R}, at the second AFM after cycling
compared with calculated values of the maximum antiferromagnetic order
5 . parameter. The experimental structures fE®(tc)/Cu20 A)l,o with te,
=10, 15, and 20 A. The applied magnetic field is swept from positive to
0 | negative values and the calculation takes=1300emu/cy Jg
=0.006 erg/crh, andk,=2X10° erg/cn?. (a) Measured at 300 Kb) Mea-
42 -08 -04 00 04 0.8 1.2 sured at 13 K(c) Calculated.
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FIG. 8. Experimental 300 K magnetoresistance curves as grown and after Il th ith th lcul dd d
cycling of Co/Cu multilayers at the second AFM. The structures areOvera the agreement with the calculate ependendg Hn

[Co(teg)/Cu20 A)l With (8) tee=10 A. (b) teg=15A. (¢) te,=20 A. is excellent both at 300 K and at 13 K. From this we can
conclude that the anisotropy constant is not strongly depen-
) dent ontg,. Also, the insensitivity of the experimental re-

The agreement of the calculatéd=(H) with the peak  gts to temperature provides strong justification for our ne-

heights and positions of the experimendR* (H) is rea- lect of thermal activation.

sonable, both at 300 K and at 13 K, although the calculateg

peaks are substlantlally narrower than is observed experimeqy, BEHAVIOR AT OTHER AFMS

tally. A comparison of the calculatedF,,, and measured

MR? . for a wider range of experimental data is given in As discussed earlier in this article, we would expect

max
Fig. 10. There is some scatter in the experimental data, bt R,,,, to be a function ok,tc,/J,s. Thus, fork, not being
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a strong function o, we should expect that, at the first
AFM, t.he resistance loss on CyC“ng would becom? Slgnlfl_FIG. 11. Experimental 300 K magnetoresistance curves as grown and after
cant with values otc, about four times those required for cyciing of co/cu multilayers at the first AFM. The structures are
such an effect at the second AFM. Figure 11 shows that thigCo(tcy)/Cu9 A)lz. (8 te,=10 A. (b) to=40 A.

is, indeed, the case; whilkR . is small whertc,=10 A, it
increases to about 10% wheg,=40 A.

At AFMs we expec® to haveJafoclltéu, whence the
argument above leads to a prediction thR},,, will be a
function oftc(,téu that will apply irrespective of the choice of
AFM. Figure 12 compares our calculations Af,,, with
experimental values oMR},, for the first through fourth
AFMs at 300 and 13 K.(The -calculations takeJy
=0.006 erg/crh at the second AFM and,< 142, at other The model that we have presented provides an explana-
AFMs.) As with the second AFM, the experimental data for tion for the irreversible decrease in maximum resistance that
all other AFMs are essentially independent of temperaturepccurs after magnetoresistive MLs are magnetically saturated
which further validates our neglect of thermal activation. Weand it accounts quantitatively for the relatively small effect at
see that the first and second AFMs agree quite well with thehe first AFM and the dependence ty at the second AFM.
calculation, but that the third and fourth AFMs deviate sig-We must now consider the reasonableness of the two param-
nificantly giving values oM R}, ., that are larger than calcu- eters that we have used to fit this wide range of data. First,
lated. It seems likely that this deviation arises from a breakour valuek,=2x 10 erg/cn? is not too different from an
down of our postulate that the as-grown MLs have perfecexperimental value for fcc Co fili$of 5x 10° erg/cnf and
AF order. Published curves of the dependenc® &, on  the agreement here may be regarded as adequate considering
tey In Co/Cu MLs show thaM R, iS approximately zero the likely variation of this parameter with film orientation
between the first and second AFMi(~14 A) where F  and substrate-induced strain.
coupling is expected, but that zero magnetoresistance is not Our fitted value of the AF coupling constand
obtained between the second and third or between the thiret 0.006 erg/crh at the second AFM, is somewhat smaller
and fourth AFMs where again F coupling is expecté@kee than expected. An experimental value derived from the satu-
Ref. 30, Fig. 3 and Ref. 31, Fig.)2This implies that the F ration fields of coupled bilayef® (and subject to the reser-
coupling at these large Cu separator thicknesses is not stromgtion about validity that is discussed in Sec.) li§ J
enough to impose complete F order. One might then expect0.05 erg/cri. However, this was obtained using a relation

comparably weak AF coupling to lead also to incomplete AF
order in the same range of Cu thicknesses. This would give
rise to largerMR},,, because the MLs start with less AF
order.

VIIl. DISCUSSION
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We speculate that our fitting parameters may be signifi-
cantly influenced by our neglect of intergrain magnetostatic
interactions. This is a problem that, to date, we have found
intractable. In a simple effective-medium approach each
grain in the polycrystalline assembly will be subject to an
effective field

Her= Happl+ A(Mz4—Migo), (13
whereH 5, is the applied magnetic fieldd ,, is the average
magnetization of the surrounding mediuM,, is the local
magnetization of the grain, amlis a constant that depends
on the grain shapéFor a spherical graid\=41/3 and for a
cylindrical grain that would approximate the columnar tex-
ture of sputtered filmsA=2s.) It would appear to be a
simple matter to apply Eq13) iteratively to the polycrystal-
line assembly, but one runs into problems with convergence
of the result. Further work on this problem is in progress.

FIG. 12. Comparisons of the calculated values of the maximum value of the'P- A. Schroeder, S.-F. Lee, P. Holody, R. Laloee, Q. Yang, W. P. Pratt,
antiferromagnetic order parameter after cycling with experimental values of Jr- and J. Bass, J. Appl. Phy&6, 6610(1994.

MR?_, as a function of2,. The filled symbols are calculated points and
the open symbols are experimental da&aA first AFM. @,0 second AFM.
W.,00 third AFM. & ,$ fourth AFM. () Measurements at 300 Kb) Mea-
surements at 13 K. In botf@) and(b), the calculations are identical and take
m=1300 emu/crhandk,=2X 10° erg/cnt. J is scaled to bec1/t2, i.e.,
with values 0.0296, 0.006, 0.00214, and 0.00113 ergforthe 1st through
4th AFMs corresponding toe,=9, 20, 33.5, and 46 A. The error bars are
based on assumed uncertainties-di.5 A in each ot andtc, and the line

is a slightly smoothed fit to the calculations.
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